In light of the effort likely to be invested in large-scale cations of recombination rate heterogeneity. Here, we genetic association studies, it is an immediate priority use computer simulations to evaluate how such heteroto assess how recombination rate heterogeneity affects geneity influences patterns of LD, and we develop formal population patterns of linkage disequilibrium and to ascriteria to assess whether the patterns are functionally sess how these patterns in turn affect association studblock like in the context of association mapping.
considerably by incorporating inhomogeneities in the of pattern could be considered to be functionally block like. There are a number of ways to describe or identify recombination process (Figure 2 ). In general, the overall average extent of LD will depend not only on l, but also a punctuated pattern of LD [1, 8-10], but our focus here is on the implications for genetic associations studies. on the length of the hot and cool stretches.
We seek to describe a block-like structure, in intuitive terms, as satisfying two properties: first, the probability Results of significant LD existing across a block boundary is below some (arbitrary) threshold, and, second, there is A Definition of Blocks of LD To describe the pattern of LD under heterogeneous reno significant difference in the degree of association of nearby and faraway sites within a block. When these combination, we require a formal definition of what sort two conditions are satisfied, genetic association studies would have the following properties: causal variants would not be mapped to a block other than their own, and causal variants could not be fine localized within their own block by using association data. Hence, genetic mapping would consist of the assignment of effects to a block [3, 11]. We note here that this approach to blocks is strictly focused on the implications for association studies, as opposed to questions such as whether the pattern of LD provides significant evidence of heterogeneous recombination rates, which would require a separate approach. Even with these aims in mind, however, there would be many ways to define blocks. We have found in repeated and extensive simulations that the following criteria are useful formulizations.
We define two quantities, z 1 and z 2 , which are given by for pairs of markers from neighboring blocks, r 2 s is the average value of r 2 for all pairs of markers within the crease reflects decay of LD both within and between same block that are less than half the block-length apart, blocks (Figure 3 ). All the results that follow involve setand r 2 l is the average value of r 2 for all pairs of markers ting * 1 at 0.2 (defining T 1 ) and setting * 2 at 0.8 (defining within the same block that are more than half the block-T 2 ). With these thresholds, a population enters a blocklength apart.
like structure when z 1 Ͻ 0.2 and leaves it when z 2 Ͻ 0.8. The motivation for the first measure is that it captures
The block phase thus lasts for a time of Tϭ T 2 Ϫ T 1 (if the idea that, in a block-like structure, variants are not and only if T 2 Ͼ T 1 ). With l ϭ1,000 and the demographic mapped across blocks. When z 1 falls below a specified assumptions used, the system does not leave the block threshold, this will not happen. The second measure world for the entire time considered here (Figure 3) . We addresses whether there is position information within note, however, that the ratios z 1 and z 2 appear near a block. When it falls below some specified threshold, equilibrium values 8,000 generations after the bottleit would be more likely to map variants to nearby markers neck; therefore, under the current present population within a block than to distant markers within a block.
size of 50,000, the ratio z 2 may not fall below the threshHence, there is position information within a block. A old * 2 ϭ 0.8. Obviously, this behavior will be sensitive particularly useful feature of these measures is that they to the post-bottleneck population size. can capture the movement of a population into and out
The more severe bottleneck results in a slight lag in of a block phase following an LD-generating event. Thus, the onset of the block-like structure since it takes longer assuming that an event occurs that generates considerfor the LD between blocks to be eliminated. This value able LD (e.g., admixture, bottleneck), then a threshold of l is severe enough to keep LD block like for all times value of z 1 defines time point T 1 when a population first greater than T 1 that were considered here. More moderenters a block phase, and a threshold value of z 2 defines ate values of l result in increased values of T 1 and considtime point T 2 when a population leaves a block-like erable reductions in T 2 . This leads to an overall decrease structure (see Figure 1B for an illustration of how T 1 and in the length of the block phase for l ϭ 200 and only a T 2 are determined for fixed threshold values, * 1 and * 2 , very short time T for l ϭ 100. For smaller values, e.g., l ϭ of z 1 and z 2 ).
10, the present demographic scenario does not feature a The measures z 1 and z 2 cannot be construed directly block phase at all for both bottleneck population sizes, as probabilities of mapping across block boundaries or as the transition from pre-block leads straight into a the power to fine localize within blocks. We do note, post-block scenario; in particular, we observe that T 2 Ͻ however, that the behavior described below is qualita-T 1 . A necessary, although not sufficient, condition for tively similar to that obtained by using other measures the observation of a block phase, using our criterion, is of within-and between-block patterns of association; that the recombination length of the hotspots must be for example, the ratio of the number of SNP pairs within/ greater than the recombinational lengths of the blocks. between blocks that are in significant LD (data not
The results demonstrate that the probability that a shown). It might be possible to develop measures more population will have a block-like structure of LD depends related to these probabilities, but, ultimately, these deon the details of the demographic history, and especially pend not only on LD, but also on the genetics of the trait on the intensity of the recombination hotspot ( Figure 4 ). under study. For example, it seems likely that whether a Severe bottlenecks postpone the onset of the block variant could be fine localized within a block will depend phase, and high values of l result in maintenance of the in some cases on its penetrance. Thus, if we knew a block phase over considerable periods of time. variant had high penetrance, then very few rare recombinant chromosomes in the population might serve to fine localize the causal variant, after a block had been impliIn Which Populations Do We Expect cated on the basis of the common chromosomes.
to Find Blocks? The preceding sections demonstrate the theoretical Interactions between Demography possibility of interactions between demography and hotand Hotspot Intensity spot intensity in determining whether human populaTo assess the interaction between demography and l in tions will have a functionally block-like pattern of LD. determining the pattern of LD, we have used coalescent
We still must determine how the real range of human simulations with a severe bottleneck that creates LD, demographic histories might interact with the real range and we investigate how LD decays for four different of hotspot intensities in the human genome to determine values of l (l ϭ 1,000, 200, 100, and 10). The particular the pattern of LD. Here, we approach this problem in demographic scenario is only meant to assess the intertwo ways. First, we apply our criteria for identifying funcaction between demography and l and is not meant as tional blocks to genomic stretches (blocks) separated by a precise description of any human population. We have experimentally determined hotspots. Second, we model chosen an initial effective population size of 10,000 indithe presumed demographies of a range of human popuviduals. We then simulate a bottleneck lasting 50 generlations and determine how these demographic histories ations, with a reduction to either 100 or 500 individuals.
would interact with the experimentally determined hotThe bottleneck is followed by a rapid expansion to a spots. present size of 50,000 individuals. In all other respects, LD across HLA Hotspots in Europeans the model is as described in the Experimental ProceCurrently, the most reliable data for our purposes are dures. SNP markers with a minor allele frequency of at those of Jeffreys et al. In Table 1 , we have used their observed genotypes (50 males) in order to calculate values of z 1/2 for the three blocks identified in their study. Using only SNPs with a minor allele of at least 20%, we find that, for this European sample, our measures indicate insufficient LD for the quantitative similarity to our threshold is not impor- block boundaries generally correspond to hotspots is not known. Our focus here has not been on inferring tant, it is likely that, under any definition of blocks, the hotspots from punctuated LD, but on assessing the im-HLA hotspots described by Jeffreys et al. create a patplications of recombination rate heterogeneity for assotern in the European population that is near the border ciation studies. between the block and post-block phases. This in itself Given that hotspots vary in intensity [2, 9, 14], our suggests variation among human populations in the exresults strongly suggest differences among genomic retent to which 6p has a block-like structure.
Discussion
gions in the duration of a block-like structure following This also suggests that, in practice, it may be difficult LD-generating events. This implies that there will be or somewhat arbitrary to specify whether a population variation in how block like LD is not only among genomic is functionally block like. This difficulty is further comregions and among populations. There will also be variapounded by the likelihood that the power to fine map tion among genomic regions in how similar patterns of variants will depend not only on LD, but also on the LD are among human populations. Thus, for hotspots genetics of the trait under study (see above). The pattern with a very high l, all human populations may be either of LD across the HLA hotspots does, however, imply pre-block or block, whereas, for smaller l, all three possithat different human populations are very likely to fall bilities may be observed. In these cases, different stages on different sides of whatever cutoff is used to identify of the mapping process will be most efficient in different functionally block-like patterns. Table 2 , we show the results using the same demowhen z 1 Ͻ * 1 and z 2 Ͼ * 2 , the pattern is clearly block like graphies but simulating the SNP data of Jeffreys et al.
within the specified boundaries. In this case, association for the three blocks identified in that study. We find studies will involve assignment of effects to the identithat there is strong dependence on the within-block fied block, and variants will not be mapped across the recombination rate in addition to demography. While it boundary. Second, when z 1 Ͼ * 1 and z 2 Ͼ * 2 , the pattern is tempting to argue that the sample of Jeffreys et al.
is pre-block. In this case, variants may be mapped [2] conforms to a European demography for the higher across the putative block boundary, but the overall patvalue of ϭ 0.15, we have to stress that, in the absence tern could still be block like, but with expanded boundof secure knowledge of the true demography underlying aries. Thus, in some cases, the distinction between prethe UK sample, such inferences are at best tentative. It block and block will be arbitrary. Finally, when z 1 Ͻ * 1 should also be noted that recombination rates differ and z 2 Ͼ * 2 , the pattern is post-block. Variants can be fine localized within the putative block boundaries, and in men and women, and, therefore, we cannot draw inferences about the overall recombination rate from mapping will not be functionally block like. The apparent block-like structure of large parts of the Jeffreys' sperm donor data.
What is clear, however, is how strongly demography human genome has led to widespread interest in tagging SNPs [3, 16] . The basic idea is that a fraction of the interacts with hotspots in determining whether LD has a block-like structure ( Figure 5 and Table 2 
